The molecular weight cutoff for glomerular filtration is thought to be 30-50 kDa. Here we report rapid and efficient filtration of molecules 10-20 times that mass and a model for the mechanism of this filtration. We conducted multimodal imaging studies in mice to investigate renal clearance of a single-walled carbon nanotube (SWCNT) construct covalently appended with ligands allowing simultaneous dynamic positron emission tomography, near-infrared fluorescence imaging, and microscopy. These SWCNTs have a length distribution ranging from 100 to 500 nm. The average length was determined to be 200-300 nm, which would yield a functionalized construct with a molecular weight of ∼350-500 kDa. The construct was rapidly (t 1/2 ∼ 6 min) renally cleared intact by glomerular filtration, with partial tubular reabsorption and transient translocation into the proximal tubular cell nuclei. Directional absorption was confirmed in vitro using polarized renal cells. Active secretion via transporters was not involved. Mathematical modeling of the rotational diffusivity showed the tendency of flow to orient SWCNTs of this size to allow clearance via the glomerular pores. Surprisingly, these results raise questions about the rules for renal filtration, given that these large molecules (with aspect ratios ranging from 100:1 to 500:1) were cleared similarly to small molecules. SWCNTs and other novel nanomaterials are being actively investigated for potential biomedical applications, and these observations-that high aspect ratio as well as large molecular size have an impact on glomerular filtration-will allow the design of novel nanoscalebased therapeutics with unusual pharmacologic characteristics.
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multimodal imaging | nanotechnology | renal C arbon nanotubes (CNTs) have interesting properties and have been proposed as novel components of drugs and devices in pharmaceutical and biomedical applications (1) . CNTs have unique intrinsic physical, chemical, electronic, thermal, and optical properties and can be chemically modified (with, e.g., targeting ligands, magnetic, radioactive, fluorescent, and chemotherapeutic moieties) to exhibit additional extrinsic properties (2) (3) (4) . Pharmacokinetic (PK) studies of covalently functionalized single-wall CNTs (SWCNTs) (5-9) and multiwall (MWCNTs) (10) (11) (12) have reported a short blood compartment half-life (1-3 h) and limited tissue (kidneys, liver, and spleen) accumulation and renal excretion. Clearance via renal mechanisms is significant (13) , because it provides the opportunity for the host to eliminate SWCNTs, allowing potential therapeutic and diagnostic applications in vivo. The elimination of noncovalently modified SWCNTs has been reported to favor the hepatobiliary route, with evidence of a minor role for the renal route (14) .
Renal clearance of solutes occurs through a combination of glomerular filtration, active tubular secretion, and passive tubular reabsorption (15) . In previous work, we reported radioactivity in the renal cortex and in the urine within 1 h of administration of radiolabeled SWCNTs, but were unable to describe the mechanism (8) . Others have documented renal filtration of MWCNTs, showing that it was possible for these high-molecular weight (MW) molecules to pass through the glomerulus (10) (11) (12) . Other possible elimination processes of secretion or reabsorption have not been evaluated. Skepticism about the renal excretion of CNTs remains (16) , however, given the lack of a complete biologic mechanism and of confirmation of the identity and quantity of the bulk of the excreted CNTs and its microlocalization within the kidney. Consequently, we designed a covalently functionalized SWCNT construct, suitable for several different imaging modalities, to explore the global and local PK profile in an animal model, and performed a series of experiments to investigate the net contributions of renal filtration, secretion, and reabsorption to clearance and to comment on the identity of the eliminated SWCNTs. Importantly, we explained the experimental data by mathematically modeling the rotational diffusivity of this highaspect ratio, high-MW molecule.
In the present work, SWCNTs were covalently functionalized with amino groups, appended with two fluorescent dyes [Alexa 
Results
Synthesis and Characterization of Size, Charge, and Composition of Multifunctionalized SWCNTs. The high-purity, high-pressure carbon monoxide (HiPCO)-produced SWCNTs used as starting materials have individual tube lengths of 100-1,000 nm and diameters of 0.8-1.2 nm. We did not acid-oxidize nor sonicate at high power our SWCNT material at any step. After covalent functionalization (2), the chromatographic, transmission electron microscopy (TEM), chemical, spectroscopic, and Raman characterizations were performed as described previously (7) (8) (9) and confirmed the identity, stoichiometry, and purity of the nanomaterials (Fig. 1) . Through TEM analyses of our materials dried onto a substrate, we observed bundled aggregates of SWCNTs with a mean length of 195 ± 69 nm (n = 644) and lengths spanning a 500 nm range (Fig.  S1 ). Dynamic light scattering (DLS) showed an average hydrodynamic radius of 105 ± 2.9 nm for the construct (range, 90-900 nm). Based on these DLS data (and the assumptions provided in Discussion and Materials and Methods), the average SWCNT length was calculated to be ∼300 nm (assuming a CNT rod shape with d ∼ 1 nm). A ζ-potential value of −8.9 ± 3.3 mV revealed that the construct had an overall negative charge. Therefore 86 Y]DOTA)(AF488)(AF680)] construct had a specific activity of 322 GBq/g (8.7 Ci/g) and was 96% radiochemically pure. Reverse-phase radio-HPLC analysis confirmed the identity of the radiolabeled product, which contained 86 Y activity (>95%), the characteristic CNT UV-Vis spectral signature, and both fluorophore (488 and 680 nm) absorbance and fluorescence signals (Fig. 1) .
High-MW CNT Constructs Are Excreted Intact via Glomerular Filtration in the First Seconds After Injection. After injection of the construct, dynamic PET images showed rapid (<1 min) construct accumulation in the kidneys (Fig. 2 A and C) . Radioactivity, measured by volume of interest (VOI), increased rapidly in the first seconds postinjection, representing mainly the renal blood pool activity, and reached a peak at ≈3 min postinjection. Radioactivity also appeared in the bladder immediately postinjection and plateaued after 20 min (Fig. 2 B and D) .
We investigated the contribution of active secretion to the clearance mechanism through competitive inhibition studies. Cimetidine, probenecid, and gentamicin were administered to block the organic cation transporter (OCT), organic anion transporter (OAT), and megalin transport systems, respectively (17) (18) (19) . The time-activity curve data from the kidneys (Fig. 2C) and bladder ( Fig. 2D) were not statistically significantly different among the groups. Rapid blood clearance was observed as reported previously (6) (7) (8) (9) (10) (11) . VOI analysis of the dynamic PET images of the heart was used to yield a t 1/2 of 6-10 min for blood compartment clearance, whereas a t 1/2 of 6 min was seen for activity in the bladder to plateau. Ex vivo biodistribution at 1 h postinjection confirmed the PET data. There were no statistically significant differences in the kidney or other harvested tissue among the groups (Fig. 2E ). Competitive inhibition of the OAT, OCT, or megalin transport systems did not affect clearance of the construct, ruling out active secretion or reabsorption via these transporters as components of renal processing and elimination.
The identity of the excreted construct was characterized by HPLC analysis of the urine samples. Chromatographs of the urine of mice that received the radiolabeled construct for PET studies contained a radio peak that eluted with the same retention time as the injected construct (Fig. 2F) . Similarly, chromatographs of the urine of mice injected with the construct for NIR imaging, IHC, and IF studies showed a fluorescent peak that eluted with the same retention time as the injected construct (Fig. 2G ). The intact construct was found in the urine, validating that the imaged signals were associated with the construct. Additional analyses of urine samples from mice that received 6-to 40-fold higher doses of construct showed the characteristic UV-Vis spectrum of the SWCNTs in the chromatographic peak attributed to the construct (Fig. S2 ). Analysis of urine samples from mice that received injections of only the hydrolyzed dyes ( Fig. S3 ) revealed that the unattached dyes eluted earlier and at very different times compared with the urine samples containing the intact construct.
SWCNTs Are Partially Reabsorbed in the Kidney Proximal Tubules and
Reversibly Accumulate Within the Nuclei. The nephron distribution of the construct was evaluated as a function of time from 1 min to 7 d by IF, IHC, and NIR imaging ( Fig. 3 and Fig. S4 ). A strong correlation between the IHC and IF results was seen, although IHC found higher background staining, whereas IF revealed a more detailed structure. In the first minute postinjection, SWCNTs appeared in the glomerular capillaries, as well as in the Bowman capsule and the tubular system. No significant signal was visualized in the peritubular capillaries or the basolateral compartments, suggesting mainly a first-pass filtration clearance. Of note, the highest IF and IHC signals were associated with the luminal side of proximal tubular cells (brush border) rather than distal tubules and collecting ducts. The signal remained in this location and increased in intensity at 3 and 5 min. At 20 min, the signal was associated not only with the brush border, but also with the cytoplasm of proximal tubular cells (punctate pattern). Perinuclear and nuclear compartments also were stained in some of the proximal tubular cells. The nuclear/perinuclear staining intensity increased at 60 min ( Fig. 4A ) and 180 min (Fig. 3) , whereas the cytoplasmic signal diminished. At 24 h, most of the signal cleared from the nuclei and again appeared to be cytoplasmic (punctate pattern). After 7 d, the construct staining was very weak, and only a few tubules were stained. The PK of AF488 dye alone was acquired at 1 and 60 min as a control (Fig. S4) . The AF488 dye was filtered rapidly and completely, with staining apparent only in the tubules in the first minute and no sign of retention at 60 min. An in vitro time course study using polarized human proximal renal tubular cells (HK-2 cells) (Fig. 4 C-H and Fig. S5 ) revealed a similar accumulation of construct in these cells, again with preferential uptake from the luminal side (Fig. 4I) .
Mathematical Modeling Explains How These High-Aspect Ratio Molecules Align with Flow and Access the Glomerular Pores, Allowing Rapid Clearance Compared with Globular Molecules. The lengths of the SWCNTs (based on TEM data) used were 100-500 nm, and any individualized construct greatly exceeded the apparent diameter of the glomerular capillary pores (∼10 nm). Accordingly, to pass through the capillary wall at an appreciable rate during filtration, the CNTs must be highly oriented, with the long axis directed toward the openings, as shown in Fig. 5A . As with the flow of a dilute suspension of fibers toward an orifice, the tendency of the velocity field to create such an end-on orientation will be opposed by Brownian motion; that is, random rotation of the fibers due to thermal motion tends to preclude any preferred orientation. The competition between these processes is embodied in the ratio γ/D rot , where γ is the rate of strain in the fluid and D rot is the rotational diffusivity of a fiber or molecule. Large values of this ratio (compared with unity) indicate a strong tendency for flow-induced orientation, and small values suggest nearly random orientations (20) .
If the mean fluid velocity at an orifice is u and the radius of the opening is r, then a suitable measure of the local rate of strain is γ = 4u/r (20) . For a rigid rod of length L and diameter d, such that L/d is large, the rotational diffusivity is described by the following equation:
where K B is Boltzmann's constant, T is temperature, and μ is the viscosity of the solvent (21) . Using u = 2 × 10 −5 m/s (average 
Discussion
In this article, we have described how large molecules with high MW and high aspect ratio, such as CNTs, have unique properties in terms of renal clearance. These molecules' unique PK profile makes them an appealing paradigm to better understand kidney glomerular physiology and suggest the potential design features (e.g., shape and aspect ratio) of novel constructs with improved clearance properties.
The glomerulus acts as a highly selective filter consisting of the fenestrated endothelium, the glomerular basement membrane, and the interdigitated foot processes of podocytes. In addition to the heteroporous structure (i.e., many small and a few large pores) of the glomerular filter (23), there are also filtration slits bounded by podocytes with zipper-like structures and openings postulated to have dimensions of 4 nm × 14 nm, corresponding to a slit half-width of 2 nm (24) .
The appearance of radioactivity in the bladder within the first minute postinjection strongly suggests a rapid translocation of SWCNTs from the vascular compartment to the urine compartment through glomerular filtration. This finding was surprising, given that predicting the transglomerular passage of a solute entails consideration of the molecular size, net charge, and configuration, and in practice, albumin-sized globular proteins (∼50 kDa) typically are not filtered (24, 25) . Albumin has a Stokes-Einstein radius of 3.5 nm and is associated with a very low sieving coefficient (Θ = 0.0021) (26) . However, elongated molecules, such as bikunin and hyaluronan, behave differently, resulting in >100-fold higher sieving coefficients than albumin, despite similar MWs and charges. Moreover, the fact that the threshold for the glomerular filtration of polymers is in the range of 30-50 kDa and also depends on charge, molecular conformation, and deformability must be taken into account (24, 27) . Because of its high aspect ratio (d ∼ 1 nm, 100 ≤ L ≤ 500 nm), negative charge, and high MW (150-750 kDa), our construct largely exceeds the structural sizes of glomerular pores (at least in the longitudinal dimension), as well as the sizes of other molecules used to investigate glomerular filtration. Despite these features, however, we observed the renal elimination of ∼65% of the recovered construct, with ∼15% of the construct undergoing passive reabsorption within the tubules at 20 min postinjection.
Lacerda et al. (11) reported TEM evidence of several MWCNT molecules translocating via their transverse dimension directly into the Bowman capsule. This same group also reported a dynamic SPECT study to image the rapid clearance of their radiolabeled MWCNTs in a mouse model into the urine (10) . In the present work, we investigated in detail the kinetics of glomerular filtration with well-characterized, multifunctional probes, as well as the contribution of secretion and reabsorption to the overall clearance mechanism.
In addition, we have provided a theoretical model suggesting that the flow is sufficiently strong to steer the CNTs into the pores, which provides a physical explanation for their rapid clearance into urine. As shown in Fig. 5B , if L were a factor of 10 smaller (30 nm), then D rot would increase by three orders of magnitude, and the balance would shift toward no preferred orientation. Further reducing L to 10 nm (roughly the length of an albumin molecule) would further decrease the tendency 
and control (not-injected) mice (B). (C-H) Composite [AF488, DAPI, and differential interference contrast (DIC)] confocal images of HK-2 cells not exposed (C) and exposed to SWCNT-[(DOTA)(AF488)(AF680)] for 30 min (D), 60 min (E), 6 h (F), 12 h (G), and 24 h (H). Progressive accumulation of the construct in the cytoplasm (yellow arrow) and nuclei (white arrow). (I) Differential uptake of SWCNT-[([ 111
In]DOTA)(AF488)(AF680)] by polarized HK-2 cells exposed on either the apical (brush border) side or the basal side using the Transwell chamber. Construct uptake was higher from the apical side than from the basolateral side (P < 0.05). Fig. 5 . Mathematical modeling of the rotational diffusivity showed the tendency of flow to orient SWCNT of this size to allow clearance via the glomerular pores. (A) Schematic of a long, rod-like molecule approaching the entrance of a pore in a filtration process. The converging flow (solid curves) tends to align the major axis of the rod with the pore. This is opposed by rotational diffusion (dashed curves), which tends to randomize the rod orientations. If the rod length greatly exceeds the pore diameter (as shown), entry into the pore is probable only if the rotational Brownian motion is sufficiently weak to permit a high degree of alignment. (B) Predicted effect of molecular length on the tendency of a rod-like molecule to align end-on at a glomerular pore. The rod diameter is assumed to be 1 nm, and the other inputs are as described in the text. Values of γ/D rot much larger than unity, as for the SWCNT studied, suggest high degrees of alignment and a greatly increased probability of entering pores in the capillary wall.
toward flow-induced orientation by another order of magnitude. Thus, this mechanism for enhancing the passage of large molecules appears to be unique to entities with dimensions like those of the SWCNTs studied.
We used DLS measurements as well as TEM to characterize the lengths of our SWCNTs. TEM evaluates a small amount of the CNT batch (28) , and DLS measurements of cylindrical CNTs rely on spherical geometric assumptions to yield a value for the size. The DLS data provide an average hydrodynamic radius (R h ) using this spherical assumption. We then assume a rod shape to relate R h to the radius of gyration (R g ). The R g for rods depends on the aspect ratio (i.e., length/diameter ratio). Our measured average value ranges of L ∼200-300 nm reflect the measured lengths of the SWCNTs based on both methods. TEM images (Fig. S1) showed microscopic images of the SWCNTs with sizes consistent with the DLS predictions.
Our previous PK report on analogous SWCNT constructs demonstrated a slower beta clearance phase from the kidney that can now be explained as the fraction of construct that was transiently taken into the tubule cells by reabsorption and then cleared (7) . Presumably, the reabsorbed construct was processed in the tubules and then released back to the blood, which also demonstrated a slower beta clearance phase (8), for filtration.
The PK profile of different CNT constructs varies depending on the chemical composition. Pristine SWCNTs have shown significant reticuloendothelial system (RES) tropism, attributable to the lipophilicity of the carbon atoms (29); noncovalently PEG-functionalized SWCNTs were found to have long blood circulation with RES uptake (14) ; and covalently functionalized SWCNTs and MWCNTs demonstrated renal clearance with limited RES uptake (5-12). Pristine CNTs, dispersed with surfactants, favor liver accumulation and hepatobiliary excretion over kidney accumulation and renal excretion, whereas covalently modified CNTs favor the converse. The constructs in the present study did accumulate about 7% of the injected dose in the liver. The PK profiles of these materials were complex, but they can be manipulated through the construct design.
Finally, we and others did not observe any glomerular or tubular cell toxicity or modification of the nephron structure or any chronic toxicity with functionalized CNTs (6) (7) (8) (9) (10) (11) (12) (30) (31) (32) . The importance of understanding the PK and toxicity of these novel CNT materials is crucial to the development of medically useful agents (33) . Of course, the PK profile may vary depending on the stoichiometry and identity of the moieties attached to the CNT. Clearly, the results reported herein demonstrate the surprising ability of the mammalian kidney to immediately and efficiently eliminate large, soluble, covalently functionalized CNT nanomaterials intact through glomerular filtration. The tubular reabsorption component of the mechanism seemed to be transient, and the absorbed CNTs were released to presumably undergo further rounds of elimination in the slower beta clearance phase (see blood and tissue PK in refs. 8 and 7, respectively). Reversible accumulation of PEGylated SWCNTs in mammalian cell nuclei has been reported only in vitro (34) and is an area of interest that merits further investigation. We have described progressive directional accumulation of the construct in polarized HK-2 cells in vitro as well as in vivo.
In conclusion, the kidney was able to rapidly and effectively eliminate xenobiotics from the blood compartment without concomitant degradation, which is the most desired clearance route for imaging and therapeutic constructs. Surprisingly, this large molecule, with an aspect ratio ranging from 100:1 to 500:1, was cleared similarly to a small molecule. Thus, a better understanding of the biophysics of novel materials within the glomerular filter will help further define the design criteria for new, potentially medicinally useful constructs.
Materials and Methods
Synthesis and Characterization of the SWCNT-[(DOTA)(AF488)(AF680)] Construct. Raw HiPCO SWCNTs (Unidym) were not acid-treated or sonicated, but were covalently amine-functionalized as described previously (2) (3) (4) (6) (7) (8) (9) . The SWCNT-NH 2 product was purified from carbonaceous impurities using C18 Sep-Pak cartridges (Waters) and analyzed by HPLC, Raman spectroscopy, and TEM ( Fig. 1 and SI Materials and Methods). The amine loading was determined using the Sarin assay, and TEM and Raman spectroscopy were performed as described previously (7) (8) (9) . Details of SWCNT functionalization with the different fluorophores and radiolabeling procedures are provided in SI Materials and Methods.
Size and Charge Characterization. DLS and ζ-potential measurements were performed using a Zetasizer Nano ZS system equipped with a narrow bandwidth filter (Malvern Instruments). The SWCNT construct was diluted 1:10 in 10 mM Hepes buffer (pH 7.2), and measurements were carried out in triplicate. The average size of the SWCNTs [2 × R h (radius of hydration)] was obtained with the nonnegative least squares fitting algorithm provided with the DLS software, using an assumed spherical geometry. The R h value was converted to the radius of gyration (R g ) for a cylinder (R g = 1.732 × R h ). The approximate length of the SWCNTs was calculated using the relation R g = (L 2 /12 + R 2 /2) 1/2 , where L is length and R is the radius of a cylinder. The ζ-potential was calculated via the Henry equation using the Smoluchowski approximation, (K a ) = 1.5 (35) .
Dynamic PET Imaging. Dynamic PET imaging was performed with the Focus 120 micro-PET system (CTI Molecular Imaging). Mice (males, NCr/nu/nu; Taconic) were maintained under 2% isoflurane/oxygen anesthesia during the scanning. One-hour list-mode acquisitions were initiated at the time of i. Organic Cationic Transport, Organic Anionic Transport, and Megalin Receptor Competition Studies. Fifteen mice (males, NCr/nu/nu) were randomly divided into four groups. Group I (n = 4) received an i.p. injection of normal saline, group II (n = 4) received an i.p. injection of cimetidine 100 mg/kg, group III (n = 4) received an i.p. injection of probenecid 20 mg/kg, and group IV (n = 3) received an i.p. injection of gentamicin 40 mg/kg (17) (18) (19) . Each competitive inhibitor and the saline control were injected in a volume of 0.4 mL at ≈0.5 h before the start of SWCNT construct administration and imaging.
HPLC Analysis of Urine Samples. In one experiment, eight mice (males, NCr/nu/ nu) that received 0.01 mg of SWCNT-[(DOTA)(AF488)(AF680)] in 0.10 mL via retroorbital sinus i.v. injection, and one mouse received no construct and served as a control. Mice were killed at 1, 3, 5, 20, 60, and 180 min, 24 h, and 7 d, after which the kidneys were harvested for NIR, IHC, and IF analyses and the urine was collected for HPLC analysis. HPLC analysis (method II; SI Materials and Methods) was performed using the AF680 NIR fluorescence signal to follow the construct. An aliquot of the construct and a sample of urine from an untreated mouse served as controls. Data were normalized to a percentage of maximum fluorescence for each run, and the background fluorescence from the untreated mouse urine was subtracted from each chromatograph. Urine was harvested after the mice were euthanized in accordance with MSKCC's Institutional Animal Care and Use Committee protocol. The bladder was exposed by incision, and the urine was collected with a sterile 1-mL syringe (before any other tissue or blood harvesting was performed) and transferred to a tared 12 × 75 mm test tube, capped, and weighed.
In a second experiment, urine samples from the 15 mice in the four groups that underwent PET imaging were collected immediately after imaging (1 h postinjection of 0.008 mg of SWCNT-[([ 86 Y]DOTA)(AF488)(AF680)]). HPLC analysis (method I; SI Materials and Methods) was performed using the radioactivity signal to follow the construct. An aliquot of the construct served as a control.
Tissue Harvest for γ-Counting. After the dynamic PET imaging studies of the 15 mice to investigate biodistribution, clearance, and the effect of competitive inhibition of the active secretion transporters, each animal was killed by CO 2 aspiration. Tissue samples (blood, kidney, liver, and spleen) and urine were harvested, weighed, and counted using a γ-counter (Packard) with a 315-to 435-keV energy window. Standards of the injected formulation were counted to determine the percentage of injected dose per gram (%ID/g). . We performed spectral separation of the fluorescence of the injected compound from the kidney parenchyma autofluorescence and from the background. We report kidney images in which only the construct NIR signal is visible.
HK-2 Cells. HK-2 cells derived from normal kidney were obtained from American Type Culture Collection. HK-2 cells were cultured in Keratinocyte Serum-Free Medium (Invitrogen) containing 0.05 g/L of bovine pituitary extract and 5 ng/mL of EGF at 37°C and 5% CO 2 . The HK-2 cells were seeded on 24-mmdiameter polyester filters (1 × 10 5 cells/well) with a pore size of 0.4 μm (Transwell Clears; Corning-Costar) (see Fig. S6 for experimental design) . The cells were cultured for 7 d to the allow cells to attach and polarize (36) .
Data Analysis. Three-dimensional VOI analysis on PET images was performed with AsiPRO VM 5.0 software (Concorde Microsystems). TEM image analysis was performed using ImageJ software (http://rsb.info.nih.gov/ij/). Wide-field and confocal microscopy images were evaluated using ImageJ, AxioVision LE (Zeiss), and Amira 4.1 (Visage Imaging) software. Statistical data were evaluated using Graphpad Prism 5.0 (Graphpad Software). NIR images were analyzed using Maestro 2.6 software (CRi). Statistical comparisons between two experimental groups were performed using t tests (unpaired comparisons); comparison of multiple groups was performed with one-way ANOVA using Bonferroni's multiple comparison post hoc analysis. All statistical comparisons were two-sided, and the level of statistical significance was set at P < 0.05.
